Abstract. Hepatocellular carcinoma (HCC) is the leading cause of cancer-associated mortalities. The effective diagnostic and therapeutic targets for HCC are still unclear. miR-30e was differentially expressed in the majority of HCC tissues and cell lines. The aim of this study was to investigate the functional roles of miR-30e and their modulation of cancer networks in HCC cells. We determined the expression of miR-30e by quantitative real-time polymerase chain reaction, and found downregulation of miR-30e in HepG2 and HuH7 cells. miR-30e mimics significantly inhibited the proliferation, migration, and invasion of HepG2 and HuH7 cells, and promoted cell apoptosis, but did not influence the cell cycle. Dual-luciferase reporter assays were applied to identify JAK1 as target of miR-30e. miR-30e mimics downregulated the expression levels of JAK1 and vimentin in mRNA and protein in HepG2 and HuH7 cells. Silence of JAK1 by small interfering RNAs inhibited cell proliferation, migration and invasion of HCC cells. Furthermore, we verified that, IL-6, an agonist of JAK1/STAT3 pathway partly recovered the inhibition of miR-30e mimics on cell migration. Taken together, these findings confirmed our speculation that the functional effect of miR-30e on HCC cells, in part, is dependent on the JAK1/STAT3 signaling pathway. It was suggested that miR-30e has a critical role in the suppression of HCC and presents a novel mechanism of miRNA-mediated JAK1 expression in cancer cells that might be a good prognostic marker for survival of HCC patients.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies, and is also the leading cause of cancer-associated mortalities (1, 2) . Although progress has been achieved in the development of new treatment strategies, HCC remains difficult to diagnose at an early stage. Most HCC patients suffer of asymptomatic presentation at the early stage, resulting in metastasis once diagnosis (3) . The clinical outcome of advanced HCC patients is still extremely poor. Most advanced HCC patients die as a result of rapid tumor progression, and hepatic resection or transplantation are the only potential curative therapy strategies for patients with HCC (4). However, the effective diagnostic and therapeutic targets are still unclear. Carcinogenesis of HCC is a complex process involving multiple factors, and multi-steps (5) . To improve the clinical outcome of HCC therapy, it is critical to elucidate the molecular pathogenesis of HCC and investigate the genes responsible for HCC development and progression.
MicroRNAs (miRNAs) are a group of small noncoding RNAs (19-22 or 19-25 nucleotides) and play an important role in the regulation of gene expression at the posttranscriptional level (6) . It was demonstrated that miRNA plays a critical role in the regulation of a variety of physiological and pathological processes, such as development, cell proliferation, cell apoptosis, cell differentiation, cell fate determination, and signal transduction (6) (7) (8) . To date, miRNAs control nearly 60% of human genes (7) , and more than 1000 human miRNAs have been identified. Increased evidence showed that miRNA act as oncogenes or tumor suppressor genes, dysregulation of them in human malignant tumors regulate the development and progression of cancer via downregulation of their targeted tumor suppressor genes or oncogene expression (9) .
Recently, it was demonstrated miR-30e was down-regulated in both plasma and breast cancer tissues (10) , non-small cell lung cancer (11) , as well as liver tumor tissues (12) (13) (14) . It was also demonstrated that miR-147a is upregulated in hepatitis C virus-associated diffuse large B-cell lymphoma, and in small cell lung cancer (15) , human gastric cancer (16) , squamous cell carcinoma of tongue (17) , and hepatocellular carcinoma (18) . Some studies demonstrate that miR-147a plays critical effects miR-30e acts as a tumor suppressor in hepatocellular carcinoma partly via JAK1/STAT3 pathway on cell development, migration, and invasion, but has no influence on apoptosis (19, 20) . In gastric cancer, AKT2 and cyclin D1 were identified as direct targets in gastric cancer, contributing to miR-147 strong inhibitory effect on g1/S transition (20) . Hypoxia-induced HIf-1α increases the expression of miR-147a via HNF4A, miR-147a induced cell proliferation arrest under hypoxia (21) . Therefore, each miRNA might target a different gene to play distinct roles in the regulation of fundamental cellular processes. Herein, we show that miR-30e and miR-147a were differentially expressed in HCC cells (Hepg2, MHCC97H, HuH7, and Bel-7402), and the liver cells L02. Two cell lines significantly downregulated the miR-30e expression were selected to investigate the effect of miR-30 on development and progression of HCC, including cell proliferation, cell apoptosis, cell migration and invasion. Mechanistically, we demonstrate that miR-30e target the JAK1-STAT3-vimentin signaling pathway which could collectively contribute to their efficient therapeutic significance, and that IL-6 (agonist of the JAK1/STAT3 pathway) treatment could phenocopy miR-30e downexpression and rescue the cell function induced by miR-30e mimic transfection.
Materials and methods
Cell culture. The human hepatocellular carcinoma cell lines Hepg2, MHCC97H, HuH7, and Bel-7402, and the live cell line L-02, and human embryonic kidney 293 (HEK-293) cells were purchased from Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. As previous described (22) , cells were cultured in RPMI-1640 medium (Hyclone, Logan, uT, uSA) and supplemented with 10% fetal bovine serum (gibco, Carlsbad, CA, uSA), 1% penicillin/streptomycin at 37˚C in 5% Co 2 .
Cell transfection. The miR-30e mimics, small-interfering RNAs targeting JAK1 (siJAK1) and their respective negative controls were obtained from GenePharma (Shanghai GenePharma Co. Ltd., Shanghai, China). The primers were as follows: miR-30e mimics: 5'-UGU AAA CAU CCU UGA CUG GAAG-3' (forward), and 5'-UGG UGU UAG UUG GUU gCg uuuu-3' (reverse); mimic NC: 5'-uuC uCC gAA CGU GUC ACG UTT-3' (forward), 5'-ACG UGA CACG UUC ggA gAATT-3' (reverse); JAK1 siRNA: 5'-uug uuu ugu UUU GUU UGA GCC-3' (forward), and 5'-CUC AAA CAA AAC AAA ACA AAA-3' (reverse). Cells were seeded into sixwell plates, incubated for 24 h before transfected with miR-30e mimics or siJAK1 by using Lipofectamine-2000 (Invitrogen, Carlsbad, CA, USA) in according to the manufacturer's instructions. At 48 h post-transfection, cells were harvested, expression of miR-30e and JAK1 was tested, and prepared for subsequent experiments.
Luciferase reporter assay. The fragment of wild-type JAK1 3'-UTR (wt 3'-UTR) containing predicted miR-30e binding sites was amplified by PCR, and mutant JAK1 3'-uTR (MuT 3'-UTR) was obtained by mutating the conserved binding sites for miR-30e. The fragments including the wt 3'-uTR or MuT 3'-UTR regions of JAK1 were cloned into XhoI/NotI-digested psiCHeCK-2 vector (Promega, Madison, WI, uSA), which included both renilla and firefly luciferase reporter genes. Then the psiCHeCK-2 vectors with wt 3'-uTR or MuT 3'-UTR regions of JAK1 were transfected into HEK23 cells and transfected with miR-30e mimics or negative control mimics, respectively. After 24 h, the firefly and renilla luciferase activities in cells were determined with a dual-luciferase reporter assay system (Promega) in accordance with the manufacturer's instructions.
Quantitative real-time PCR. Total RNA in transfected cells was isolated using the RNeasy Plus Mini kit (Qiagen) according to the manufacturer's instructions. The expression level of miR-30e was determined using Taqman miRNA assays (Applied Biosystems, Foster City, CA USA) with miRNA-specific primers (forward primer: 5'-ACA CTC CAg CTG GGT GTA AAC ATC CTTG-3' and universal reverse primer: 5'-CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA gTT gAg CTT CCA gTC-3'). for data normalization, u6 small nuclear RNA was used as an endogenous control. The expression level of JAK1 mRNA was determined using PrimeScript RT-PCR kits (Takara, Shiga, Japan) with primers (forward primer: 5'-CGCTCTGGGAAATCTGCT-3' and reverse primer: 5'-TGATGGCTCGGAAGAAAGG-3'), and β-actin was used as internal control.
Western blotting. Total proteins were extracted from cells as previous described (23) and separated by 10% SDS-PAge electrophoresis and then electroblotted onto a nitrocellulose membrane in 25 mM Tris base and 190 mM glycine at 50 V for 3 h at 4˚C. The membranes were probed with primary antibodies overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies. Protein was detected by enhanced chemiluminescence kit (Amersham Life Science, Buckingham, UK). All antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA.
Cell proliferation assay. Cell proliferation was determined by suing the colorimetric water-soluble tetrazolium salt assay using a Cell Counting Kit-8 (Beyotime, Haimen, China). In brief, cells with a density of 2x10 3 cells per well were seeded in 96-well plates, and then cell proliferation was documented at 24, 48, 72, and 96 h. The number of viable cells was obtained by reading the absorbance at 450 nm using a microplate reader Thermo Plate (Rayto Life and Analytical Science C. Ltd., Wetzlar, germany).
Cell apoptosis assay. Cell apoptosis was assessed by using an Annexin V-fITC apoptosis detection kit (BD Pharmingen, franklin Lakes, NJ, uSA). In brief, Annexin V-fITC (5 µl) and propidium iodide (5 µl) were added in 100 µl of cells at concentration of 1x10 6 cells/ml and incubated in the dark for 15 min. Then, binding buffer was added and apoptosis was analyzed by flow cytometry (BD Biosciences, franklin Lakes, NJ, USA).
Cell cycle assay. After transfection, cells were harvested after trypsinization and were resuspended with concentration of 1x10 6 cells/ml and prepared using Cycle Test Plus DNA Reagent kit (Becton Dickinson, San Jose, CA, USA) according to the manufacturer's instructions. Cell cycle was analyzed by flow cytometer using propidium iodide (PI) as a specific fluorescent dye probe. The PI fluorescence intensity of 10,000 cells was measured for each sample using a BectonDickinson fACSCalibur flow cytometer.
Migration and invasion.
Cell migration and invasion of HCC cells (HepG2 and HuH7 cells) were performed by using a Transwell chamber (Millipore, Billerica, MA, uSA). for cell invasion, transwell chamber was coated with 30 µl Matrigel. Cells were seeded into 24-well plate and cultured at 37˚C in RPMI-1640 medium with 2% serum, while 600 µl of 10% fBS RPMI-1640 was added to the lower chamber. After 48 h, HCC cells were fixed with 100% methanol for 30 min and stained using crystal violet for 20 min. Non-migrated cells were removed using cotton swabs. Cell images were obtained under a phase-contrast microscope (Olympus, Tokyo, Japan).
Statistical analysis.
The results are expressed as the mean ± SD. Statistical evaluation was performed using GraphPad Prism software version 5.01 (graphPad, Inc., La Jolla, CA, USA). The normal distribution of variables was assessed prior to selecting the tests to use for statistical analyses with ANOVA or student t-test. A P-value <0.05 was considered significant.
Results

miR-30e is significantly downregulated in HepG2 and
HuH7 cells, whereas miR-147a is significantly upregulated in HuH7 cells. According to the miRNA array analysis data (24, 25) , we tested the expression of miR-30e, miR-147a in Hepg2, MHCC97H, HuH7, and Bel-7402 hepatoma carcinoma cell lines, and L-02 live cell line to screen the most pronounced miRNA by qRT-PCR (Fig. 1A and B) . miR-30e was significantly downregulated in both Hepg2 and HuH7 cells, while it was not significantly changed in L-02, Bel-7402, and MHCC97H cells. miR-147a was significantly upregulated in HuH7 cells, but not in other cell lines. Thus, we further examined the role of miR-30e in HepG2 and HuH7 cell lines. 
miR-30e mimics inhibit the proliferation, migration, and invasion of HepG2 and HuH7 cells, and promote cell apoptosis, but do not influence the cell cycle.
After transfection of miR-30e mimics, miR-30e was overexpressed in HepG2 cells (P<0.01; fig. 1C ) and HuH7 cells (P<0.01; fig. 1D ). The proliferation of Hepg2 was significantly inhibited by miR-30e mimics after 48 h (P<0.05; fig. 1e ). Similar change in proliferation was observed in HuH7 cells. After 24 h, the proliferation of HuH7 cells was significantly inhibited by miR-30e mimics (P<0.05, 0.01 at 24, 48, 72 h, respectively; Fig. 1F ). Furthermore, miR-30e mimics promoted apoptosis of HepG2 and HuH7 cells (Fig. 1G) . However, miR-30e mimics did not significantly change the cell cycle ( fig. 1H) . The migration and invasion of HepG2 and HuH7 cells after transfection of miR-30e were also detected ( Fig. 2A-D) . miR-30e mimics significantly inhibited the migration of HepG2 and HuH7 cells (P<0.05, Fig. 2A and C) . Similarly, the invasion of HepG2 and HuH7 cells after transfection of miR-30e were also significantly inhibited (P<0.05, fig. 2B and D). Thus, overexpression of miR-30e significantly inhibited the proliferation, migration, and invasion of HCC cells, and promoted cell apoptosis.
JAK1, not vimentin is a direct target of miR-30e.
Luciferase reporter assay was used to validate the target of miR-30e (Fig. 3A-D) . The Reporter luciferase vectors, wt-3'UTR of JAK1, vimentin containing the predicted miR-30e binding sites and the corresponding mutated vectors (Mut-3'uTR) were achieved ( Fig. 3A and B) and transfected into HepG2 and HuH7 cells. The luciferase activity was inhibited by miR-30e in the cells with wt-3'UTR of JAK1 (P<0.05, Fig. 3C ), but not changed in mut-3'uTR of JAK1, or wt-and Mut-3'uTR of vimentin (Fig. 3D) , suggesting JAK1, not vimentin is a direct target of miR-30e. Furthermore, the expression of JAK1 and vimentin in miR-30e mimics transfected-HepG2 and HuH7 cells were performed by qRT-PCR and western blotting (Fig. 3C-H) . miR-30e mimics inhibited the expression of JAK1 and vimentin in mRNA and protein levels in HepG2 and HuH7 cells (P<0.05, Fig. 3E and F) . Thus, overexpression of miR-30e significantly downregulated the expression of JAK1 and vimentin, but only JAK1 was a direct target of miR-30e.
Silence of JAK1 inhibits cell proliferation, migration and invasion of HCC cells.
To further confirm whether miR-30e effects HCC cells via JAK1, JAK1 siRNA (siJAK1) was transfected in the cells, and the expression of JAK1 in mRNA and protein levels was detected by qRT-PCR (Fig. 4A ) and western blotting (Fig. 4B) , respectively. Silence of JAK1 by JAK1 siRNA was confirmed by the lower expression levels of JAK1 in both Hepg2 and HuH7 cells (P<0.05; fig. 4A and B), compared with the non-transfected controls. siJAK1 significantly inhibited the proliferation of Hepg2 (P<0.05; fig. 4C ) and HuH7 (P<0.05; fig. 4D ) cells after 48 h. The migration and invasion of the siJAK1-transfected HCC cells were also detected. After siJAK1 transfection, the migration of Hepg2 (P<0.05; fig. 4e and g ) and HuH7 cells (P<0.05; fig. 4f and H) were significantly inhibited. Similarly, the invasion of Hepg2 (P<0.05; fig. 4e and g ) and HuH7 cells (P<0.05; fig. 4f and H) were also inhibited by siJAK1, respectively. These results suggested that miR-30e inhibited cell proliferation, migration, and invasion of HCC cells via direct downregulation of JAK1.
JAK/STAK pathway mediates the effects of miR-30e.
It was demonstrated that vimentin is related to the motility capacity of HCC cells (5,26) and important molecule in JAK/STAK/ vimentin signaling pathway (27) . We further investigated whether JAK/STAK pathway mediated the effect of miR-30e ( fig. 5) . first, miR-30e mimics not only significantly downregulated the expression of JAK1 (Fig. 3G and  H) and STAT3 (fig. 5A ), but also significantly downregu- lated phosphorylation levels of JAK1 and STAT3 (Fig. 5A) . Second, IL-6, the agonist of JAK/STAT3 pathway decreased the inhibition of cell migration of HepG2 and HuH7 cells by miR-30e partly (P<0.05, fig. 5B and C) . Third, IL-6 reduced the inhibition of expression (in both mRNA and protein levels) and phosphorylation levels of JAK1 and STAT3 (Fig. 5D-F) . Thus, JAK/STAT3 pathway mediated the effect of miR-30e on cell migration.
Discussion
Hepatocellular carcinoma (HCC) ranks among the top 10 of the most common malignancies in the world, and is also the leading cause of cancer-associated mortalities in China (1, 2) . HCC remains difficult to diagnose at an early stage, and hepatic resection or transplantation are the only potential curative therapy strategies for patients with HCC (4). HCC patients with poor diagnosis undergo metastasis fast and die as a result of the rapid tumor progression. To improve the clinical outcome of HCC therapy, it is critical to elucidate the molecular pathogenesis of HCC and investigate the genes responsible for HCC development and progression. Herein, we demonstrate that miR-30e and miR-147a are differentially expressed in HCC cells (Hepg2, MHCC97H, HuH7, and Bel-7402), and liver cells L02. miR-30e mimics inhibited the development and progression of HCC including inhibited the cell proliferation, cell migration and invasion, promoted cell apoptosis. Mechanistically, we demonstrate that miR-30e target the JAK1-STAT3-vimentin signaling pathway which could collectively contribute to their efficiently therapeutic significance, and that IL-6 (agonists of the JAK1/STAT3 pathway) treatment could phenocopy miR-30e downexpression and rescue the cell function induced by miR-30e mimics transfection.
Recently, it was demonstrated miR-30e was downregulated in both plasma and breast cancer tissues (10), in non-small cell lung cancer (11) , as well as in liver tumor tissues in hepatocellular carcinoma (12) (13) (14) . It was also demonstrated that miR-147a was upregulated in hepatitis C virus-associated diffuse large B-cell lymphoma, and in small cell lung cancer (15) , human gastric cancer (16) , squamous cell carcinoma of tongue (17) , and hepatocellular carcinoma (18) . Consistently, our results demonstrated the downregulation of miR-30e in HepG2 and HuH7 HCC cell lines, and upregulation of miR-147a only in HuH7 cell lines. Thus, the HepG2 and HuH7 cell lines were selected for investigation of the miR-30e role.
miR-30e was proved to be suppressor of human NK cell cytotoxicity, and could directly target perforin (28) . In breast cancer, it upregulated three predicted targets of miR-30e including RAB11A, BNIP3L, and RAB32 associated with downregulation of miR-30e (10) . In addition, miR-30e targeted 3'-untranslated region (3'UTR) of prolyl 4-hydroxylase subunit alpha-1 (P4HA1) mRNA, and reduced the expression of P4HA1 at the levels of mRNA and protein (12). Overexpression of miR-30e suppressed cell proliferation of HepG2 cells and reduced colony formation (12). Herein, we found JAK1 was also the target of miR-30e by luciferase reporter gene assays. Enforced expression of miR-30e inhibited cell proliferation, cell migration and invasion, promoted cell apoptosis, but had no effect on the cell cycle arrest. Silence of JAK1 also inhibited cell proliferation, cell migration and invasion, suggesting miR-30e inhibited the cell proliferation, cell migration and invasion partly via JAK1. miR-23a suppressed the JAK1/STAT-6 pathway and reduced production of M2 type cytokines by targeting JAK1 and STAT-6 directly (29). In acute erythroid leukemia, miR-23a, miR-27a and miR-24 formed a miRNA cluster, synergistically targeting multiple members of the oncogenic JAK1-STAT3 pathway, and thus reinforced their inhibition on the cascade to regulate cell proliferation and apoptosis (30) . Exogenous miR-9 activated JAK-STAT pathway in tumor angiogenesis (31) . MiR-30c also targets JAK1 playing important roles in porcine reproductive and respiratory syndrome virus (32) . Therefore, there is a complex network between miRNAs and their targets. The investigation on the correlation between miRNAs and their targets should be helpful in clearing the mechanism.
miR-30e has no effect on the cell cycle. Some studies demonstrate that miR-147a plays critical effects on cell development, migration, and invasion, but has no influence on apoptosis (19, 20) . In gastric cancer, AKT2 and cyclin D1 were identified as direct targets in gastric cancer, contributing to miR-147 strong inhibitory effect on g1/S transition (20) . Hypoxia-induced HIf-1α increases the expression of miR-147a via HNF4A, miR-147a induced cell proliferation arrest under hypoxia (21) . Therefore, each miRNAs might target a different gene to play distinct roles in the regulation of fundamental cellular processes like development and proliferation, cell fate determination and apoptosis.
In conclusion, we demonstrated that miR-30e targets the JAK1-STAT3-vimentin signaling pathway playing critical roles in inhibition of the cascade to regulate cell proliferation and apoptosis, which could collectively contribute to their efficient therapeutic significance.
